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FUEL SPRAY AND FLAME FORMATION IN A COMPRESSION-IGNITION ENGINE
EMPLOYING AIR FLOW

BY A. M. ROTHROCKANDC. D. WALDRON

SUMMARY

The e~ectaof airfiw mfd spray ati@mefOrm&On
in a high-speed compreMon-ignittin engine have been
investigated lqI means of th+sN. A. C. A. combustion
apparatwe. The prows was studied by emzmining high-
9peed motion pictures taken at the rate of Z,.$?OOframes a
8econd. Z7M cwnlnution chamber w of the j?uidisk
type used in previ.ow experimd with thti apparaiw.
TIM air @w tow prodwad by a rectangular diqi.uwr
mounted on top of tlw engine piston. Three fdinjeciiun
nozzles were tested: a O.OZO-inch &@wri@ nQzzle,
a 6-or@e nozzie, and a 81it nozde. ~ air vahi.ty
within tlti combustion chumber m e+%hnutedto reach a
value of 4.??6feet a 8econd.

The reeult8 show thd in no cae was the form of the fml
8pray completely d.mtroyed b-ythe air jd although in some
CCMeSthe direction of the 8pray tom changed and the spray
envelope wus curried atiy by the moving air. When the
fuel di8tribhon wiihin the combudion chamber w par-
ticularly poor, the volumw in the chumber reached by the
ffume wa8 considerably ineread by tti air$ow. When
the dtitrilndion w reamnu.bly good, there m little
change in the distrilndion of the jam-e. It was found that
the air movement set up daring the indwdion of air
through ports in the cylinder liner, under a pmwure
differm of 26 inches of Hg, could be wntroUed 80 w
materially to aid t?w atifiw setup during the lad portion
of tlw comprti stroke.

INTRODUCTION

The distribution of the fuel in the combustion
chamber of rLcompression-ignition engine can be regu-
lated to some extent by the design of the combustion
chamber, by the design of the fuel-injection nozzle, and
by the use of air flow. The N. A. C. A. has been con-
ducting investigations of all three methods, singly and
in combination. Tests have been conducted with
single+ylinder engines and with special apparatus,
by which data unobtainable on the engine may be
procured.

With a special high-speed motion-picture camera
operating at speeds from 2,000 to 2,400 frames a seeond
in ccmjunction with the N. A. C. A. combustion appara-
tus, inveatigrdionshave been made of some of the effects
of injection advance angle, air-fuel ratio, and nozzle
design on the combustion process. (See references 1,

2, and 3.) Data obtained by the N. A. C. A. on the
effects of combustion-ohamber shape and of air flow
on combustion in a single-cylinder compression-ignition
engine have been published in refereneos 4 to 8. In
order to explain further the results obtained in these
tests and to coordinate the resecrchw on the com-
bustion apparatus with the engine tests, a pro=~ of
tests was originated to study the effect of air movement
preceding and during the combustion process. In the
present tests it wcs desirable not only to photograph
the fuel spray and flame formation in the combustion
chamber of the N, A. C. A. combustion apparatus but
also to photograph the air movement.

Any method employed for photograph@ the air
movement must not disturb the normal operation of
the apparatus, for by so doing the variables under
investigation are changed. This condition immediately
ekninatw methods using such materials as light metal
projections or strings to show the direction of the air
flow. The use of aluminum dust or some such material
was discarded because of its possible eflects on com-
bustion. A partial solution of the problem was found
in the use of ‘%chlieren” or %tiae” photography
(reference 9).

METHODSAND APPARATUS

The N. A. C. A. combustion apparatus hss been
described in references 1 to 3. A diagrammatic sketch
showing the engine cylinder, the combustion chamber,

FIG(JEEL—DL@ommatiosketobof theN. A_O. & combustionapparatns with
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and the schlieren optical arrangement is shown as
figure 1. The air movement, the fuel injection, and
the flame spread were photographed through, the 2%
inch-diameter glass windows forming the sides of the
flat-disk combustion chamber. A 750-watt projec-
tion lamp was phmed behind the slit as indicated in the
diagram. The slit was placed at the focus of the fit
lens so that parallel light was transmitted through the
combustion chamber to the second lens. The lmife

comparisons to be made of the indicated mean effective
pressuresdeveloped by the engine.

Three fuel-injection nozzles (fig. 2) were tested: a
0.020-inch single-oritice nozzle, a 6-orifice nozzle, and
a slit nozzle. The9e nozzles were chosen from those
used in the investigation of the effect of nozzle design
on combustion (reference 3). The fuel oil was the
same as that used in the tests reported in references 1,
2, and 3.

SingleOilflm. MnUIOrima. slut.

fiQUEE2.-NOZZIH t@&I.

edge was located at the image of the slit and in such a The following test emditions
position that two-thirds of the slit image was inter- constant:
;epted by the knife e&e. The image of ti-e combustion
ihamber was focused on the motion-picture film. Any
locxd change in the index of rehaction of the medium
between the two Ienses caused a deflection in the par-
allel light rays. T& deflection caused the light rays
to strike either below or above the original point in
the image of the slit. Therefore, a change in the index
of reilaction of a part of the medium between the
lenses resulted in light or dark areas being formed on
the motion-picture iihn in the image of the combustion

were maintained

Engine bore. --.------ .-. --------------hohm-- 5
Engine droke--------------------------do---- 7
Engine sp~-----------mvolutiom per minute-- 1,600
Engine-jacket coolant temperature (outgoing) -°F-- 160
Engine compression ratio (based on total stroke)- 14.1
Air-fud ratio (except ae otherwise stated)-------- 17
Start of injeotion----orankehaft degrees B. T, C-- 16to 20

A flat-disk combustion chamber was used with a rec-
tangular displacer as adapted by Moore and Foster
(references 7 and 8). The displacer was mounted on the

Air Air Air
P passa pos’so po.ssa

A B c D E
ChamLwA CimnMrB Cbnlmr c Ohamk D OhamlmrE

chamber. Because any air movement in the com-
bustion chamber is accompanied by local changes in
the index of rehaction of the air, the air movement
showed up as light and dark streaks in the image
recorded on the photographic film. The image of the
fuel-spray silhouette and of the combustion was photo-
graphed on the fhn in the usual manner.

The test procedure was similar to that given in refar-
ence 3. No time-presmre records =e presented in the
present report, although they were taken for each t=t
condition. Such records have been presented in refer-
encw 1, 2, and 3. As has becmpreviously stated, these
records, although giving the general emu-seof the com-
bustion, are not suiliciemly accurate to permit close

engine piston to produce an air flow of high velocity
within the combustion chamber. The displacer was
arranged so that it could be mounted at either side or
directly in the center of the piston, as shown in figure 3.
In this manner an air jet could be directed along either
or both ends of the combustion chamber. In one test
the displacer was removed and a central oval orifice
installed in the center of the chamber throat (fig. 3E).
The areas between the displacers and the edgea of the
combustion chamber and of the oriiice in combustion
chamber E were such that the velocity approximated
the value which gave the best performance in the teats
presented in reference 7. The velocity of the air as it
entered the combustion chamberawas eatinmtedaccord-
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ing to the method given in reference 7 and is shown in
figure 4 as a function of the crank angle. Combustion
chamber A has a width between the glass windows of
0.78 inch and the others a width of 1.01 inches. This
vaxidion in width was necessary to maintain a constant
compression ratio.

In the tests with the single-crifb nozzle the mani-
fold around the inlet ports of the engine had a single
opening in the plane of the combustion-chamber disk
on the side in which the injection valve was mounted,
and the air entered the cylinder with a definite whirling
motion. In the tests with the multioriiice nozzle this
manifold was removed so that the air could enter
symmetrically with respect to the cylinder. In the tests
with the slit-orifice nozzle the same arrangement was
used and additional runs were made with the intake
ports blocked on first one and then the other side of the
cylinder,

RESULTSAND DISCUSSION

The estimated air ‘flow (fig. 4) shows that, as the
displacer entered the combustion chamber, the air
velocity quickly reached a value of 400 feet a second.
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The rate of velocity increase became successively less
and a maximum of 420 feet a second was reached at
about 26 crankshaft degrees B. T. C. The velocity
then deerensedto zero at top center. With combustion
chamber E a maximum velocity of 436 feet a second
wasreached at33° B. T. C. With combustion chamber A

~ the velocity reached a maximum of 120 feet a second
at about the same piston position that the maximum
was reached with the displacer. These velocities with
the restriction are those estimated for tie air as it
entered the combustion chamber at the narroweM
section. b the air passed from this oriiice into the
chamber proper there was, of come, a certain amount

of expansion of the jet and a certain &nount of turbu-
lence was also created. Tn addition, there was the
effect of any air flow produced during the induction of
the air through the ports into the displacement volume.
The conditions under which the air is inducted are
comparable with those existing in a highly super-
charged engine because, as was shown in reference 1,
the pressure differential between the displacement
volume and the intake manifold at the time the piston
uncovered the intake ports was approximately 26
inches of Hg.

The photographs showed that two types of air flow
might occur in the combustion chamber. The fit was

FIamE&—AlrvormxinwrnbustfonchamberD.

a mass rotation of the air as a whole and the second was
the occurrence of a vortex traveling around the com-
bustion chamber. The iirst type is not vkible unless
the motion pictures are projected, the individuril
photographs showing only light and dark areas in the
combustion gases. The vortex occurred most often
with combustion chamber A. Occasiomilly a vortex
was produced in combustion chamber D (fig. 5).
b the photographic prints reproduced in this report,
mass movement of the air as a whole is indicated by
the deflection of the fuel spray. A description of the
flow as visualized when the motion pictures were pro-
jected and also as interpreted from the spray shapes is
also included. For assistance in the analysis of the
results, line drawings of the combustion chwnbem with
arrows indicating the ti movement are included with
the enlargements from the motion-picture films. The
enlargements show the fuel spray from the start of
injection and the first three or four photographs of
the combustion.

The effect of some air movement on the fuel sprays
in combustion chamber A was observed in the results
presented in both references 2 and 3. The photographs
showed that the spray tips were t&isted first to the
right and then to the left as the sprays proceeded across
the combustion chamber. Ii the present tests this
motion was found to be caused by the vortex (fig. 5)
moving around the combustion chambar, generally
clockwise in the results reported herein and counter-
clockwise in the results show-n in references 2 and 3.
(This diilerence in directional rotation does not actually
occur in the engine. Because of space limitations it was-
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necessaryto reflect the light through 90° in this schlierel
set-up. Therefore, results showing clockwise rotatiol
in these photographs correspond to a cmmterclockwh
rotation in the previous results.) The vortex TWU
ripparently mused by the air movarnent set up as th[
air entered the displacement volume through the iulel
ports. It has been shown in reference 3 that this flow
caused the flame to predominate on the leeward sid~
of the spray.

Single-orifice nozzle.-Wlth the injection valw
mounted in the top (fig. 6 (a)) of combustion chamba
A, the single fuel spray penetrated across the visibh
portion of the chamber. Because of the relationship oj
the injection-nozzle area to the other injection-qwkm
dimensions there was a secondary discharge of the fuel
following the first stop of injection. The photograplx
indicate that this secondary discharge penetrated
through the akeady burning gases. When the injeotiom
valve was mounted in the side (fig. 6 (b)) the spray
penetrated across the chamber and impinged on the
opposite wall. In this case there is visible a slight
upward bending of the spray caused by the entering air,
Combustion started at the chamber walI. In neithel
case did the flame spread throughout the chamber,
With the injection valve mounted in the side, the motion
pictures show that the combustion was followed by a
cloud of smoke, which seemed to roll bachmard from the
section of the chamber wall that was struck by the
spray core.

The mrows indicate that in one case the general air
movement was clockwise and in the other case counter-
clockwise, but the reason for this apparent occasional
reversal of the flow is not know-n. In no case was it
sufficient to have much effect on the fuel spray or flame
formation.

Combustion chamber B showed a marked difference
from chamber A both ‘m the fuel spray and the fkme
formation (fig. 7). The motion pictures showed that
the rotation of the air caused by the displacer, being in
the same direction as that produced during the induc-
tion of the air, was in the form of a mass rotation of the
air in a clochvise direction as compared with the
rotating vortex obtained without the displacer. In the
upper hrdf of the visible portion of the chamber the
spray is shown blown to the right, and in the lower half
to the left. In the seventh photograph of figure 7 (a)
(3° B. T. C.) the center of the rotating air is well
marked by the spray formation. The flame filled the
chamber reasonably well and a decided improvement
in mixing over that obtained without the piston dis-
placer is noted. When the injection valve was mounted
in the side (fig. 7 (b)), the fuel-spray core was directed
upward so that there was little impingement on the
opposite wall of the combustion chamber and very
little smoke was visible. The downward motion of the
air on the right-hand side of the chamber did not have
much apparent effect on the spray. Again the cham-
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ber was fairly well filled -with flame. In neither case
was the spray care destroyed by the moving air, al-
though the envelope was swept away from the core.
Thp results show that, even in the highly heated air of
the combustion chamber, high air velocities do not
destroy the core of the spray but neverthelessmaterially
aidinthe mixing of the fueland air.

WXh combustion chamber C the air rotation pr~
duced in the combustion chamber by the displacer was
in the opposite direction to that produced by the in-
duction of the air (fig. 7 (c)). The motion pictures show
that the air first rotated clockwise and then, as the
displacer entered the ccmbu+on chamber, the air
suddenly changed direction and made a rotation in the
counterclockwise direction. As a result of this change
of motion, much of the energy of the moving air was
lost so that the effect on the fuel spray was considerably
less than was the case with combustion chamber B.
The spray impinged on the wall of the chamber as it
did when no displacer was employed and there was
considerable smoke. There is little evidauce that with
this arrangement the air flow produced beneficial re-
sults. The test illustratesthe fact that, when designing
a combustion chamber to produce a certain type of air
flow, extreme care must be taken to insure that the
desired results are not nullified by air movements set
up by the induction of the air inta the displacement
volume.

when combustion chamber D was employed (fig. 8),
the movement of the air as a whole was hard to dis-
tinguish. The rotation of the air before the displacer
entered the combustion chamber was still clockwise but
it seemed to predominate in the right-hand section of
the chamber. With the fuel being sprayed in from the

‘top of the chamber, there yas little apparent effect from
the air flow. The spray tended to have a somewhat
sinuousmotion as it penetrated through the combustion
air. The flame showed but slightly better distribution
than -wasobtained without the displacer. When the
spray was injected horn the side, the effect of the air
movement was quite noticeable. As the spray ii-at
issued from the injection nozzle it was blown upward
by the air jet. Its direction was then changed slightly
so that it again traveled in a horizontal direction but,
as the issuing fuel jet became more dense and the air
velocity decreased, the spray core maintained a straight
course inclined upward to the horizontal. The down-
ward movement of the air in the center of the chamber
is noticeable in the photograph taken at 4° B. T. C.
In this frame the spray shows the effects of the air
blowing up along the sidevmllsof the chamber and down
in the right center. The flame spread throughout most
of the visible portion of the chamber but there was still
considerable smoke during the e.spansionstroke.

With combhtion chamber E it appeared that the air
divided in the center of the chamber, rotating in a clock-
&e direction in the right half and a counterclockwise
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direction in the left half (&g. 9). With the injection
valve mounted in the top of the spray chamber the
spray penetration was decreased by the air jet directed
against it. Also the air movement was such that the
spray envelope was blown to the left+hand side of the
chamber. This deflection is quite noticeable in the
photograph obtained 1° A. T. C. The mixing of the
fuel and air was not particularly good. The results
appeared to be little better than with combustion
chamber A. When the injection valve was mounted
in the side of the combustion chamber, the spray w-m
deflected upward when it met the incoming air jet
about midway across the combustion chamber. Tha
spray impinged on the opposite wall of ~e ~chaniber
and was there blown downward by the air swirl in that
half of the chamber. The flame spread to a somewhat
greater area than was the case with the spray entering
at the top of the chamber, but considerable air was still
not ranched by the fuel. Again the chamber was partly
filled with a dense smoke during the expansion stroke.

Multiorifioe nozzle.-The multior&e nozzle was
designed nccording tQ the proportionality principle dis-
cussed in reference 6. Engine tests (reference 7) have
shown that in the type of combustion chamber tested

the multioriiice nozzle which gave the best performance
with the quiescent combustion chambar rdso gave the
best performance with the same combustion chamber
used in conjunction with the displacer piston,

In the tests tith the multioriiice nozzle the inlet
manifold around the ports was removed. The vortex
that appeared when the manifold was in plnce did not
occur so often when the manifold was removed. With
the injection valve mounted in the top of chamber A
(fig. 10 (a)) the individual sprays penetrated through
the highly heated dense air, the side sprays impinging
on the combustion-chamber walls. The flame fled the
visible portion of the combustion chamber. When the
injection valve was mounted in the side of the chamber
(fig. 10 (b)), some of the fuel sprays imp~~ed on the
opposite wall of the chamber but not with the intensity
that accompanied the impingement of the spr~y from
the single 0.020-inch orifice. The two sprays directed
toward the entrance throat were definitely deflected
upward. The flame againiilled the combustion chamber
and, although there was some smoke visible on the
expansion stroke, it JVaanot so dense as in the case with
the single 0.020-inch oriiice.

With the nozzle mounted in the top of combustion
chamber B (ilg. 11 (a)) the sprays from the 0,014- and
0.018-inch orifices on the side of the chamber toward
the air jet were deflected to the right by the nir move-
ment across the top of the chamber, aa they left the
nozzle, and to the left nearer the bottom of the chamber
because of the upward movement of the air in this por-
tion. The sprays on the other side of the combustion
chamber showed 1- movement although they wore
somewhat bent. On this side of the chamber the air
flow had been decreased because of its greater distance
from the displacer passage and also because the air flow
had already lost some of its energy in deflecting tlm
first sprays through which it passed.

With the injection nozzle mounted in the side, the
effects of the air movement me tilble during the entire
injection period. The sprays are all deflected upward
as they enter the chamber. The envelopes and, in
some cas~, the spray cores are deflected dowmmrd
when they reach the opposite side of the chamber.

Projection of the film containing the photographs
&own in figure 11 showed that in three cases there was
Brevarsal of rotation of the air flow even though tho
kn+akemanifold had been removed. The reversal was
motso violent, however, as it was with the mfiold.

In figures 11 (c) and (d) are shown the results of tests
made with air-fuel ratios of 33 and 65, respectively,
k comparison of these photographs with those obtained
it an air-fuel ratio of 17 shows that, as the fuel quantity
was decreased and consequently the energy in tho
njected spray was decreased, the rotntig air turned
he fuel jets through a larger angle so that the sprays
were forced to the upper left-hand quadrant of the
:hamber. With the air-fuel ratio of 65 the flame is
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visible in two separate sections. One section extends
along the right-hand side of the chamber and the other
is in the region surrounding the fuel-injection nozzle.
In this case the fuel from the main discharge has appar-
ently been carried to the opposite side of the combustion
chamber by the moving air and so forms a stratified
charge in this area. The small secondmy discharge
visible in the photograph taken just befora top center
was not blown away because of the deorease in the air
veloci~. The original of this strip of b shows that
these two flame areas did not combine. The results
therefore prove that, even with high air velocities in the
combustion chamber, it is possible to maintain a
stmtiiied charge of the fuel and air. I?’or this reason
it is believed that in engines employing air flow there
should be no difficulty in idling the engine. It is
probable that in certain cases where special adapters
have been used in the air-induction system to change
the air flow for idling conditions, the trouble has not
been with the air movement but with the idling charac-
teristic of the fuel-injection system.

The results obtained with combustion chamber D
and the multiorifice nozzle are shown in figure 12.
With the fuel being injected from the top (&. 12 (a)) of
the chamber, the sprays appeared quite similar to those
in chamber A. With the fuel being injected from the
side (fig. 12 (b)) of the chamber, the sprays show that
there was a clockwise rotation of the air in the left-
hmd side of the chamber and a counterclockwise
rotation in the right-hand side of the chamber. The
air flow did not have much directional effect on the fuel
sprays m a whole except to concentrate them more
in the top of the chamber. Engine tests (fig. 13)
reported in reference 7 of a similar combustion chamber
have shown that this arrangement gives an appreciable
incrense in power over the quiescent combustion
chamber without tie displacer piston.

Slit nozzle,— In the test conducted by Lee of the
distribution within diiferent types of fuel sprays
(reference 10) it was shown that the distribution within
the spray from a slit nozzle was comparatively good
but that the dispersion of the spray, that is, the total
volume included in the spray, was insticient and
consequently the air-fuel ratio within the spray was too
low. The suggestion was made that this type of spray
could most beneficially be used with some form of air
flow in the combustion chamber. The results in figure
14 show that, even with the air velocities used in the
prcmnt tests, the energy was insufficient to break up
the fuel spray. A comparison of figure 14with figures 11
and 12 indicates that the apray from the alit+miiice
nozzle was less affected than those from the multi-
orifice nozzle. The conclusion is drawn that because
of the large cross-sectional area presented to the air
flow the spray from the slit-oriiice nozzle tends to
damp the air movement to a greatar extent than do
those from the multiorifice nozzle. With the fuel

being injected from the side (fig. 14 (b)) in combustion
chamber B, the air-flow effects are more noticeable
than is the case when +e fuel is injected from th~ top
(@. 14 (a)).

A direct comparison cannot be made between the
results shown in figure 14 and those in figures 7 and 8
because of the diilerence in the air-intake system.
Tests were therefore run with the slit-oriiice nozzle in
chamber B in which the inlet ports were blocked first
on one side and then on the other (fig. 15). At the
right of each of the three photographic strips a line
drawing shows which inlet ports remained opened and
which were closed. The three ports on each side of
the engine cylinder are represented by the single
opening. I?igure 15 (a) shows the results obtained
with the ports opened on both sides, the same photo-
graphs being shown in figure 14. When the inlet
ports on the cylinder side’adjacent to the displacer were
opened and those on the other side blocked, a counter-
clockwke rotation of air was produced in the combus-
tion chamber, that is, a rotation opposed to the air
movement produced by the displacer. Although this
counterclockwise rotation was stopped before the
start of the injection of the fuel, a rotation of the air
in the opposite direction was not viible and the fuel
spray shows no indication of such a revd. As was
the case in the results presented in &ure 7 (c), the
air flow induced during the induction period opposed
that purposely induced during the last part of the com-
pression stroke and nullified its effectx. With the
air-inlet ports hrranged as shown in figure 15 (c), the
air swirl produced during the induction period imisted
that produced by the pistin displacer and the maximum
effect of the air flow was obtained.

GENERALSIGNIFICANCEOF TEST RESULTS

In previous tests (references 3 and 10) it had been
concluded that with high-dispersion fuel-injection
nozzles the lack of spray penetration must be assisted
by air flow. The present tests have shown that with
the nozzles now generally employed and with the
injection pressurw commonly used, it is diiiicult to
obtain a good mixture of the air and fuel even with
air flow. The question that naturally follows is:
How is the compression-ignition engine to be designed
so as to give the power outputs together with the fuel
economy inherent in the high compression ratio? It
was concluded in reference 3 that the chief obstacle to
obtaining this high performance is the slow rate of
diflusion of the fuel vapom. The results preseqted in
this report support this conclusion. h the use of air
flow to assist diflision, the a+rmust blow through the
fuel jet and continually pick up the vapom from the
jet. If the air and the fuel rotate about the chamber
as a unit, the mixing of the two is not necessarily im-
proved. It is neces.wq- to have a continual inter-
mixing of the fuel and air taking place within the
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combustion chamber. In addition to the controlled
air flow, the purpose of which is to destroy the fuel
jet, it is desirable and probably necessary to have
numerous small eddies throughout the combustion
chamber. The production of such an air flow presents
a difiicult problem, and the development of a method
to measure it is probably even more diflicult. Whether
or not the use of such flow will actually increase the
initial rate of heat exchange from the air is question-
able. Such an effect has been indicated, however, by
the decreased ignition lags in engine tests at this
laboratory with the displacer piston. Test results
presented by Selden and Spencer (reference 11) have
shown that the rate of heat exchange between the
injected fuel and the air is not much affected by low
air velocities. An extensive discussion of the tiects
on engine performance of air flow produced by combus-
tion chambers of difhrent design has been presented by
Alcock in reference 12.

In both the present tests and those discussed in refer-
ence 2 it has been shown that stratification of the charge
occurs in the compression-ignition engine; it has not been
shown whether or not such stratification is necessary.
When spark ignition is employed as in the conventional
carburetor engine, it is known thst the flame will not
propagate across the combustion chamber unless the
air-fuel ratio is 1ss.9than approximately 20. In this
case the combustion of each successive portion of the
fuel is brought about by the heat hwm the combustion
of the preceding portion of fuel. k the compres-sion-
ignition enpjne, in which the number of ignition sources
is infinite, no tests have been conducted to determine
to what exterttthe air-fuel ratio aflects the flame spread.
Although it is probable that each source of combustion
does propagate flame in the normal manner, it is also
certnin that new sources of ignition are continually
being formed. It is therefore believed that, although
stratification do= occur in the compression-ignition
engine, it is not of so much importance at high W-fuel
ratios as would be the case in a spark-ignition engine
attempting to run on mixtures with an air-fuel ratio
greftter than necessary to support flame propagation.

Since the present tests do not show much d.i.tTerence
in the appearance of the flame using the multioriilce
nozzle with and without the air flow and since those
presented in references 7 and 8 show that a considerable
improvement in engine performance is gained by the
use of air flow under similar conditions, it can be con-
cluded that the chief effect of the air flow in those cases
in which the distribution is reasonably good is not on
the direction and penetration of the fuel sprays but on
the intermixing of the air and fuel by the numerous
small eddies. This conclusion is strengthened by tie
fact that in references 7 and 8 it was shown that the
nozzle which gave the best performance with the air

flow was the one which gave the best performance in
the quiescent combustion chamber.

An examination of the remdtspresented in this report
and those presented in references 1 to 3 gives an
indication of the rate of diifusion of the fuel vrLporabut
does not indicate the rate of heat exchange between the
air and the injected fuel. The test results presented in
reference 11 show that the rate of heat exchange is high
born the instant injection starts. Teds have been
conducted at this laboratory on methods of increasing
the effectiveness of this heat exchange, first, by haling
the engine jacket (reference 1) and, second, by heating
the fuel to a high temperaturebefore injection (reference
13). In neither case was there any appreciable improv~
ment in the engine performance except for a shortening
of the ignition lag with its consequent smoother engine
operation, indicating that the rata of heat exchange is
sufficiently fast under normal operating conditions.

Efforts to improve the atomization of the fuel jet
have not shown any marked improvement in engine
performance over that obtained with the atomization
already realized with the conventional injection systems.
In a seriw of tests conducted at this laboratory (refer-
ence 14) a jet of high-velocity aii was directed through
the fuel spray as it left the injection valve. Tests
conducted by the methods described in reference 14
showed that the combination air-fuel injection decreased
the mean diametm of the fuel drops and, when the fuel
was injected into the atmosphere, it was found that the
combination of the ah and fuel jet burned with a much
fiercer flame than did that of the fuel jet alone. Never-
theless, when the combination air-fuel injection was
used in the engine, there was no appreciable gain in
engine performance. As a result of these tests it was
concluded that the atomization in the conventional
hydraulic injection system is sufficient to result in good
combustion provided that the fuel is correctly
distributed.

&mlysis of the results presented in this report,
together with time in the references, leads to the con-
clusion that the factor about which more information
should be obtained is the actual air-fuel ratio at each
instant throughout the combustion chamber during the
injection and combustion period. These ratios are the
determining factors that control the performance of the
engine. At present it is lmown that the air-fuel ratio
is extremely uneven and that as a result of this uneven-
ness too much of the fuel is burned late on the expansion
stroke and, consequently, at a low cycle efficiency.
Not only must the combustion efficiency of the engine
be improved (by combustion efficiency is meant the
percentage of the total fuel injected that is burned
between the start of the fuel injection and the com-
pletion of the power stroke) but the time at which this
burning occurs must also be controlled to a greater
extent than is done in presentday designs.



FUEL SPRAY AND FLAME FORMATION IN A COMPRESSION-IGNITION ENGINE EMPLOYING AIR FLOW 295

CONCLUSIONS

The analysis of the data on the effect of air flow on
fuel spray and flame formation h“hsled to the following
conclusions:

1. In the combustion chamber of the compression-
ignition engine, air velocities as high as 400 feet a
second were not sufficient to destroy the core of a fuel
spray from a single round-hole ofice.

2. Air velocities of 400 feet a seccnd were sufficient
to change materially the direction and distance of the
spray+ore penetration and to blow aside the envelopes
of sprays from a single round-hole orilice.

3. As the air-fuel rntio was increased the effect of the
air flow on the fuel sprays was increased.

4. With fuel-injection nozzles giving poor fuel dis-
tribution within the combustion chamber, air flow in-
creased the volume in the combustion chamber reached
by flame,

6. With a fuel-injection nozzle giving good distribu-
tion, air flow did not result in much change in the
spread of the flame although engine tests showed a large
incrense in performance.

6. High+listribution nozzles such as the slit nozzle
did not show much more effect from air flow than did the
sprays from round-hole orilices.

7. High-distribution nozzles damped the air flow
considerably.

8. When air flow is employed in a combustion cham-
ber, care should be taken that the motion of the air set
up during the induction period is not such as to oppose
the desired air flow produced at the end of the com-
prcsaionstroke.

LANGLEY MEMORIAL AERONAUTICAL LABORATORY,

NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS,
LANGLEY I?IELD, VA., Nowtn&r .??5, 1956.
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